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Abstract
The vertebrate neural crest is formed at the border between the neural plate and nonneural ectoderm during neurulation and eventually
gives rise to a variety of cell types, including neurons, glia, facial chondrocytes and osteoblasts, and melanocytes. Although several secreted
molecules, such as BMP, Wnts, FGF, and Noelin, have been implicated in neural crest formation, little is known about the precise
intracellular mechanism underlying neural crest induction and differentiation. Here, we have identified a novel NK-1 class homeobox gene
Nbx in Xenopus whose expression is correlated with neural crest formation. We also found that Nbx harbors an Eh1 domain and is a
transcriptional repressor. Overexpression of Nbx suppressed neural plate makers and caused enhanced expression of the neural crest maker
Slug. In contrast, the overexpression of a dominant negative form of Nbx during neurula stages suppressed the expression of the neural crest
marker Slug and expanded neural markers such as Otx2 and Sox2. Taken together, we propose that Nbx is an essential transcriptional
repressor required to permit neural crest induction by inhibiting the neural fate.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The vertebrate neural crest is formed at the border be-
tween the nonneural ectoderm and neural plate during the
early stages of neurulation and gives rise to melanocytes,
facial cartilage and bone, and neurons and glia of the pe-
ripheral nervous system (LeDouarin and Kalcheim, 1999).
In Xenopus, these cells arise in the neural fold and the dorsal
neural tube during neural tube formation and closure. They
subsequently migrate ventrally and are distributed to nu-
merous sites and differentiate into various cell types (Mayor
and Aybar, 2001). Molecular embryological studies have
indicated that several secreted molecules are involved in the
cell–cell interactions that induce the neural crest. It has
been proposed that an intermediate level of BMP signaling
that is generated by the balance between the BMPs and
BMP antagonists, such as Noggin, Chordin, and Follistatin,
plays a role in establishing the neural crest fate (Barth et al.,
1999; Marchant et al., 1998). It was also reported that
canonical Wnt signaling enhances neural crest induction,
cooperating with BMP antagonists that block BMP signal-
ing (LaBonne and Bronner-Fraser, 1998) and that the inhi-
bition of canonical Wnt signaling suppresses neural crest
formation (Garcia-Castro et al., 2002; Ikeya et al., 1997).
The blocking of fibroblast growth factor (FGF) signaling
using a truncated FGF receptor also suppresses neural crest
induction (Mayor et al., 1997). A recent report has shown
that a secreted glycoprotein, Noelin-1, can induce neural
crest cells in the chick (Barembaum et al., 2000). Therefore,
it seems that the interplay of several signaling pathways
controls the formation of the neural crest. In addition to
secreted molecules, several transcription factors that are
specifically expressed in the neural crest region have been
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reported. Zinc finger transcription factor Zic genes (Mi-
zuseki et al., 1998; Nakata et al., 1997, 1998, 2000) and
winged-helix transcription factor FoxD3 (Sasai et al., 2001)
are not only expressed in the neural crest but are also
capable of inducing neural crest in the animal cap. The zinc
finger transcription factors Snail and Slug are known to be
early markers for the neural crest and are thought to func-
tion in the specification and migration of neural crest cells
(Carl et al., 1999; LaBonne and Bronner-Fraser, 2000;
Mayor et al., 1995). It was also reported that the Sox family
transcription factor Sox9 is required for cranial neural crest
development (Spokony et al., 2002). Thus, temporally and
spatially regulated functions of these transcription factors
appear to be essential for the generation of the variety of cell
types and migration of the neural crest.
The NK homeobox genes were first cloned in Drosophila
(NK1-NK4) (Kim and Nirenberg, 1989) and encode pro-
teins that can be classified into two homeodomain protein
classes, NK-1 (containing NK1) and NK-2 (containing
NK2-4), both of which share a conserved Eh1 repressor
domain (Smith and Jaynes, 1996). Several NK-related genes
have been reported in a variety of animal species. Recently,
the functions of NK-2 class homeobox genes have been well
characterized by gene disruption experiments in mouse,
which have demonstrated that Nkx-2.5 is an important reg-
ulator in heart development (Lyons et al., 1995) and that
Nkx-2.2 is required for ventral specification of the neural
tube (McMahon, 2000). In contrast, the functions of the
NK-1 class homeobox genes remained to be characterized.
In this study, we have identified a novel NK-1 class
homeobox gene, Nbx, as an essential component of neural
crest induction. Nbx expression partially overlapped with
the neural crest marker Slug. Gain-of-function and loss-of-
function analyses have demonstrated that Nbx may be an
essential transcription factor to regulate neural–epidermal
border by inhibiting the neural plate fate and direct its fate
to neural crest induction.
Materials and methods
Isolation of Nbx
We searched for new genes containing homeodomains in
our EST database (http://xenopus.nibb.ac.jp) using the
BLAST search protocol. We examined the expression pat-
tern of several clones by whole-mount in situ hybridization
and decided to focus on clone XL090N01 (Nbx-pBS SK).
GenBank Accession No. is AB103111.
Plasmid construction
The entire conding region of Nbx was subcloned into the
pCS2 vector (Nbx-pCS2). To generate the VP-Nbx and
EnR-Nbx constructs, Nbx lacking the Eh1 repressor domain
(amino acids 34-255) was subcloned into the VP16-pCS2 or
EnR-pCS2. VP16-pCS2 was a gift from Dr. K.W. Cho.
Drosophila engrailed cDNA in pBS was a gift from Dr. J. C.
Corbo, and its repressor domain (amino acids 1-298) was
Fig. 1. Xenopus Nbx is a novel NK-1 class homeobox gene. (A) Deduced amino acid sequence of the Nbx protein. It has a conserved Eh1 repressor domain
(boxed) and a homeodomain (underlined). (B) Sequence alignment of the Nbx homeodomain with other homeoprotein sequences. Amino acids identical to
those of Nbx are indicated by bars, and are expressed as % identity. The sources of the sequences shown are as follows: chick Sax1 (GenBank: P19601),
mouse Sax1 (GenBank: P42580), mouse Sax2 (GenBank: AAB53323), Drosophila NK1 (GenBank: P22807), C. elegans Ceh-1 (GenBank: AAA98004),
Echinococcus Hbx1 (GenBank: CAA47296), Drosophila NK2 (GenBank: B33976), zebrafish Sax1 (gn1ti132432270 zfish44766-15a03.q1k in
NCBI Zebrafish Traces Archive), zebrafish Sax2 (gnti|31538871 Z35723-a3057g06.p1c in NCBI Zebrafish Traces Archive), human Sax1
(NT_035040.1Hs10_35202 in NCBI Human Genome), and human Sax2 (NT_006111.12Hs4_6268 in NCBI Human Genome).
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Fig. 2. Temporal and spatial expression of Nbx during Xenopus development. (A) Temporal expression patterns of Nbx. RNA was extracted from embryos
at the indicated stage of development. Nbx mRNA expression levels were measured by RT-PCR. The ubiquitous marker histone H4 served as a control. (B–I)
Spatial expression patterns of Nbx. Nbx expression was analyzed by whole-mount in situ hybridization. (B) Stage 12. Black arrowheads in (B) indicate outer
stripes, and white arrowheads indicate inner stripes of Nbx expression. (C) Stage 14. (D) Stage 18. (E) Stage 20. (F) Stage 25. (G) Stage 30. Arrow in (G)
indicates new expression of Nbx in mesencephalon, and a transverse section of this region is shown in (I). (H) A transverse section showing the outer stripes
at stage 14. (I) A transverse section of Nbx-expressing region in mesencephalon at Stage 30. (J–T) Comparison between recognized markers and Nbx
expression. Whole-mount double in situ hybridizations were performed with a digoxigenin-labeled Nbx probe and a fluorescein-labeled probe for another
marker. (J) Nbx (purple) and Otx2 (blue) at stage 14. (K) Nbx (purple) and Sox2 (blue) at stage 14. (L) Nbx (purple) and N-CAM (blue) at stage 16. (M, N)
Nbx (purple) and Slug (blue) at stage 16. The 1 in (M) indicates the region where only Slug was expressed; the 2 indicates where Slug and Nbx were
coexpressed (a transverse section of this region is shown in N); and the 3 indicates where only Nbx was expressed. (O) Nbx (purple) and Delta-1 (blue) at
stage 16. (P) Nbx (purple) and -tubulin (blue) at stage 16. (Q) A schematic representation of the expression of Nbx and -tubulin. (R) An enlarged view
of the outer stripe region at stage 16. Nbx (purple) and -tubulin (blue). (S, T) Nbx (purple) and - tubulin at stage 25. The transverse section of posterior
region is shown in (T).
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subcloned into pCS2. To generate the GR fusion constructs,
the human glucocorticoid receptor ligand-binding domain
from the Bra-GR construct (Tada et al., 1997) was sub-
cloned into pCS2. The coding region of VP-Nbx was am-
plified by PCR and subcloned into GR-pCS2. Zic3-
pCS2-MT (Nakata et al., 1997) and Zic5-ZFC-pCS2-MT
(Nakata et al., 2000) were gifts from Dr. J. Aruga. XotchE-
pCS2 (Coffman et al., 1993), Xngnr1-pCS2-MT (Ma et al.,
1998), and DN-BMPR-pSP64T (Suzuki et al., 1995) were
also used. For mRNA injection, the plasmids were linear-
ized with Asp718 (EnR-Nbx), EcoRI (DN-BMPR), or NotI
(the other constructs), and transcribed using the mMES-
SAGE mMACHINE Sp6 kit (Ambion), then purified by
passing through a Sephadex G-50 column (Amersham Phar-
macia Biotech).
Manipulation of embryos and microinjection of mRNA
In vitro fertilization of Xenopus eggs was performed as
described previously (Yamamoto et al., 2000). mRNAs
were injected into 4-cell, 8-cell, or 16-cell-stage embryos.
The embryos were cultured in 3% Ficoll/0.1x Steinberg’s
solution until the appropriate stage for each experiment.
They were staged according to Nieuwkoop and Faber
(1967). For animal cap assay, animal caps were dissected at
stage 8.5 and cultured in 0.1% BSA/1 Steinberg’s solution
(Asashima et al., 1990).
Reverse transcription-polymerase chain reaction
(RT-PCR)
Total RNA was extracted from the embryos by using
TRIzol reagent (GIBCO/BRL). Extracted RNA was sub-
jected to reverse transcription with random hexameric
primers. The expression levels of maker genes were
detected by PCR using the following specific primers:
Nbx (F: 5-GCAGACATACTGAACCATGC-3; R: 5-
AAGGGCCACAAGCTGCTCGT-3; 22 cycles); Slug (F:
5-ATGCACATCAGGACACACAC-3; R: 5-CAGCAA-
CCAGATTCCTCATG-3; 20 cycles); Muscle actin (F:
Fig. 3. Nbx expression coincide with neural and neural crest formation. We injected the mRNAs to several genes into embryos and examined the effect of
their forced overexpression on Nbx expression by whole-mount in situ hybridization. (A) BMP4 (200 pg) reduced Nbx expression. (B) Overexpression of
tBR (500 pg) by injection into the ventral region expanded Nbx expression into the induced secondary axis. (C) Xngnr1 (100 pg) reduced Nbx expression.
(D) Xngnr1 (100 pg) induced ectopic -tubulin expression. (E, F) XotchE (200 pg) injected embryos. (E) XotchE reduced Nbx expression. (F) XotchE
reduced -tubulin expression. (G) Zic3 (200 pg) caused ectopic Nbx expression (black arrowheads). The ectopic expression was limited to the posterior region
of the injected embryos (white arrowhead). (H) Zic3 (200 pg) caused ectopic Slug expression. (I) Zic5-ZFC (200 pg) reduced Nbx expression. (J) Zic5-ZFC
(200 pg) reduced Slug expression. (K) Zic5-ZFC (200 pg) reduced Sox2 expression.
33T. Kurata, N. Ueno / Developmental Biology 257 (2003) 30–40
5-TCCCTGTACGCTTCTGGTCGTA-3; R: 5-TCTCA-
AAGTCCAAAGCCACATA-3; 16 cycles); Otx2 (F: 5-
GGAGGCCAAAACAAAGTG-3; R: 5-TCATGGGGTA-
GGACCTCT-3; 18 cycles).
The primer sequence of Histone H4, an internal input
control, was as previously described (Iemura et al., 1998).
Lineage tracing and whole-mount in situ hybridization
Embryos receiving coinjections of the mRNA of each
construct and -galactosidase mRNA were fixed in
MEMFA [(0.1 M Mops (pH 7.4), 2 mM EGTA, 1 mM
MgSO4, 3.7% formaldehyde], washed with PBS, and
stained with 6-chloro-3-indolyl--D-galactoside for lineage
labeling (red; Nacalai tesque). Stained embryos were then
refixed in MEMFA and stored in methanol at 30°C.
Whole-mount in situ hybridization was performed as de-
scribed previously (Suzuki et al., 1997). For double in situ
hybridization, one fluorescein-labeled probe was stained
with BCIP (light blue; Roche) and the other DIG-labeled
probe was stained BM purple (Indigo; Roche). Template
plasmids for probe synthesis were as follows: -tubulin in
pGEM3Zf (a gift from Dr. H. Takabatake), Delta-1 in
pT7Blue (a gift from Dr. M. Mochii), Otx2 in pBS (Blitz
and Cho, 1995), Slug in pMX363 (Mayor et al., 1995),
N-CAM in pBS (Kintner and Melton, 1987), Sox2 in pCS2
(Mizuseki et al., 1998), and epidermal keratin (XK81) in
pBS (Jonas et al., 1985). Stained embryos were refixed in
MEMFA and sectioned at 40 m with a cryostat as de-
scribed previously (Kurata et al., 2001).
Results
Cloning of the Nbx gene
As a part of our effort to identify novel functional genes
that regulate early Xenopus development, we searched our
expression sequence tags (EST) database (XDB: http://
xenopus.nibb.ac.jp) for genes encoding homeodomains, and
we identified a new gene that contains an NK-1 class ho-
meodomain, which we named Nbx (a homeobox gene that
expressed in neural-epidermal border). Nbx encodes a 255-
amino-acid protein and includes an Eh1 repressor domain
and a homeodomain. The amino acid sequence of Nbx is
shown in Fig. 1A. Its homeodomain has 87% amino acid
sequence identity and is most closely related to chick Sax1
(Fig. 1B). It was previously known that, other than the Eh1
motif and homeodomain, there is no obvious conserved
sequence among NK-1 class homeobox genes (Duboule,
1994); this turned out to be true for Nbx as well. We
performed a homology search against the human, mouse,
and zebrafish genome, and the only genes we found that
were homologous to Nbx were Sax1 and Sax2, and we were
unable to identify apparent orthologs with the same or a
very closely related homeodomain sequence to Nbx.
Expression of Nbx during neurogenesis
As shown in Fig. 2, the expression of Nbx is develop-
mentally regulated. Its mRNA was undetectable before the
midblastula transition (MBT) by a semiquantitative reverse
transcription–polymerase chain reaction (RT-PCR) analy-
sis. Detectable expression began upon gastrulation at a low
level and peaked during neurulation (Fig. 2A). The spatial
expression pattern was examined by whole-mount in situ
hybridization and revealed that Nbx was predominantly ex-
pressed at the border between the neural plate and nonneural
ectoderm. At stage 12, four stripes (two per lateral half) of
weak staining were observed (Fig. 2B). The scattered stain-
ing became evident in stage 14 embryos and marked the
boundary between the neural plate and nonneural ectoderm
(Fig. 2C and H). As the neural tube closure proceeded, the
striped expression became narrow (Fig. 2C–E). From the
late neurula stage, the anterior component of expression
became faint (Fig. 2E and F). It is interesting to note that
scattered but intense Nbx expression was sustained in the
posterior trunk, which may reflect an anterior-to-posterior
gradient in neural tube maturation. In stage 30 embryos,
Nbx expression was seen in the region just anterior to the
tail bud (Fig. 2G), and a new expression domain was re-
producibly detected as spots in mesencephalon (arrow in
Fig. 2G and I). The expression pattern of Nbx was clearly
distinct from other previously reported Nk-1 class ho-
meobox genes (Schubert et al., 1995; Spann et al., 1994).
To obtain a more detailed view of the Nbx expression
pattern, we compared Nbx expression to the expression
patterns of other regional markers by whole-mount double
in situ hybridization (Fig. 2J–T). Nbx was expressed poste-
rior to the anterior neural plate marker Otx2 (Fig. 2J). The
outer stripes of Nbx were expressed outside the neural plate
markers Sox2 and N-CAM. (Fig. 2K and L). The anterior
Nbx expression of outer stripe coincides with the expression
of Slug, an early marker for the neural crest (Fig. 2M). We
could distinguish three expression domains along the AP
axis that were, first, the anterior cephalic region expressing
only Slug (indicated as 1, and corresponding to the man-
dibular arch in latter stage), second, the posterior cephalic
region expressing both Slug and Nbx (indicated as 2, cor-
responding to the hyoid and the branchial arches in later
stages), and third, the trunk region expressing only Nbx
(indicated as 3)—trunk expression of Slug is induced later.
In the overlapping region, the staining for both Slug and Nbx
was in the same ectodermal layer (Fig. 2N). The scattered
expression of Nbx suggested that Nbx expression might be
regulated by Notch signaling. Thus, we compared Nbx ex-
pression with the expression of Delta-1, which is one of the
Notch ligands (Fig. 2O). There are few Delta-1 signals that
coincide with the Nbx expression of the cranial neural crest
region. On the other hand, the inner striped expression of
Nbx overlapped with the medial stripe of Delta-1, which is
known to give rise to motor neurons. Because the posterior
expression of Nbx resembled the expression of -tubulin,
34 T. Kurata, N. Ueno / Developmental Biology 257 (2003) 30–40
which is a known neuronal marker, we compared their
expression patterns (Fig. 2P–R). Nbx expression in the pos-
terior cephalic neural crest region did not coincide with
either the medial or intermediate stripes of -tubulin ex-
pression. The lateral stripes of -tubulin partially over-
lapped with the Nbx expression, but the outer stripes of Nbx
expression were wider than the -tubulin stripes (Fig. 2P),
as illustrated schematically in Fig. 2Q. Finally, an enlarged
view demonstrated that the Nbx-positive cells in the outer
stripe were distinct from -tubulin-positive cells (Fig. 2R).
In later stage embryos, -tubulin was expressed in Rohon–
Beard cells, and Nbx expression became confined to the
most dorsal region of the neural tube (Fig. 2S and T).
Nbx expression coincide with neural and neural crest
formation
To investigate the regulatory mechanism of Nbx gene
expression, we examined the expression profile of Nbx by
whole-mount in situ hybridization in embryos in which
signaling factors were overexpressed. The overexpression
of BMP4 is known to reduce the neural plate and dorsal
mesoderm significantly (Dosch et al., 1997; Wilson et al.,
1997), and in such embryos, Nbx expression was also re-
duced (80%; n  10) (Fig. 3A). Conversely, the ventral
injection of dominant negative BMP receptor (tBR), which
inhibits the endogenous BMP signal, caused a partial (head-
less) secondary axis, in which the expanded Nbx expression
was detected between the primary and secondary neural
plates (100%; n  10) (Fig. 3B). It was previously shown
that neurogenin-related 1 (Xngnr1) induces neurons and the
neuronal marker -tubulin (100%; n 10) (Ma et al., 1998)
(Fig. 3D). Overexpression of Xngnr1 reduced Nbx expres-
sion cell-autonomously (90%; n 20) (Fig. 3C). This result
suggests that Nbx is not involved in neurogenin-regulated
neuronal induction. Nbx expression occurred in a typical
salt-and-pepper pattern. Overexpression of XotchE sup-
pressed not only the expression of -tubulin (85%; n  20)
(Fig. 3F) but also of Nbx (80%; n  20) (Fig. 3E). Thus,
Nbx may be a Notch-regulated gene in Xenopus. Overex-
pression of Zic3, which is a known neural and neural crest
inducer (Nakata et al., 1997), induced the neural crest
marker Slug (100%; n  10) (Fig. 3H). On the border
between the region receiving the Zic3 injection and the
epidermis, we detected the ectopic expression of Nbx (90%;
n  20) (black arrowheads in Fig. 3G). On the anterior
border of the Zic3-injected region, however, Nbx expression
was not detected (white arrowhead in Fig. 3G). Taken
together, these results suggest that Nbx expression is in-
duced at the neural–epidermal border but is restricted to the
posterior region of embryo. Zic5 is also a known neural
crest inducer (Nakata et al., 2000). A mutated form of Zic5
lacking the zinc-finger domain (Zic5-ZFC) inhibited neural
crest induction (100%; n  10) (Fig. 3J) as well as neural
induction (100%; n  10) (Fig. 3K). Nbx expression was
also reduced by overexpression of Zic5-ZFC (100%; n 
20) (Fig. 3I).
Overexpression of Nbx suppressed the Spemann organizer
To understand the possible function of Nbx, a gain-of-
function analysis was performed by injecting its mRNA.
Embryos that received an injection of 200 pg of Nbx mRNA
in the dorsal side at the four-cell stage displayed a head
defect (93%; n  30) (Fig. 4B and C). Analysis by in situ
hybridization at gastrula stage showed that the organizer
markers Otx2 and goosecoid were downregulated cell-au-
tonomously by the overexpression of Nbx with -gal as a
linage tracer (Otx2, 100%; n 20; goosecoid, 90%; n 20)
(Fig. 4D and E).
Nbx act as a transcriptional suppressor
Because Nbx has an Eh1 repressor motif, we expected
that Nbx would have a transcriptional repressor activity. To
examine this possibility, we fused Nbx to previously char-
acterized activating or repressing domains: the activator
domain of VP16 (VP) and the repressor domain from Dro-
sophila engrailed (EnR). A schematic representation of
these constructs is shown in Fig. 4A. The injection of
VP-Nbx mRNAs (50 pg) into the dorsal side of four-cell-
stage embryos caused a defect in gastrulation movement
(data not shown). In contrast, overexpression of VP-Nbx (50
pg) in the ventral side caused ectopic cement-gland induc-
tion (87%; n  30) (black arrowhead in Fig. 4L, compare
with M). These phenotypes are very similar to the overex-
pression phenotypes of Otx2 (Blitz and Cho, 1995). In situ
hybridization analysis showed that the overexpression of
VP-Nbx in dorsal side expanded Otx2 (100%; n  10) and
goosecoid (100%; n  10) expression (Fig. 4N and O). Nbx
overexpression in the ventral side caused ectopic expression
of Otx2 (100%; n  10) and goosecoid (100%; n  10)
(Fig. 4P and Q). Injection of EnR-Nbx mRNAs (50 pg) into
the dorsal side reduced the expression of organizer markers
(data not shown) and caused a defect in head formation
(83%; n  30) (Fig. 4R and F). From these data, we
conclude that VP-Nbx has the opposite activity to native
Nbx, and EnR-Nbx’s activities are indistinguishable from
native Nbx. Therefore, we have tentatively concluded that
Nbx acts as a transcriptional suppressor in vivo.
Overexpression of Nbx at lateral neural region
suppressed neural plate makers and caused enhanced
neural crest formation
Because early overexpression of Nbx at dorsal marginal
zone suppressed the organizer genes and it was difficult to
understand its role in later embryogenesis, we attempted to
target overexpression of Nbx in the prospective lateral neu-
ral region by injecting Nbx mRNA into a lateral animal
blastomere of a 16-cell-stage embryo (Wallingford and Har-
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land, 2002). Injection of Nbx mRNA (100 pg) and -gal
mRNA (100 pg) into a lateral animal blastomere of a 16-
cell-stage embryo fated to neural and neural–epidermal
border suppressed anterior neural plate maker Otx2 (Fig.
5B) and panneural plate makers N-CAM and Sox2 (Fig. 5C
and D). In contrast, the expression of epidermal keratin was
expanded into the neural plate (Fig. 5E). Neural crest maker
Slug was initially suppressed at early neurula (Fig. 5F), but
at later stages, enhanced Slug expression was observed at
injected region (Fig. 5G–I).
Next, we examined Nbx activities in neuralized animal
caps in the absence of mesoderm. The dominant-negative
form of BMP receptor (tBR) mRNA (300 pg) was injected
alone or coinjected with Nbx mRNA (100 pg) into the
animal pole of two-cell-stage embryos. Animal caps were
excised at stage 8.5 and cultured until sibling embryos
developed to late neurula stage (stage 20). The expression of
molecular markers in the animal caps was analyzed by
RT-PCR. Overexpression of tBR in animal caps induced
anterior neural maker Otx2 in the absence of mesoderm
(lane 1 in Fig. 5J). When tBR and Nbx were coexpressed in
animal caps, the expression of Otx2 was suppressed, and
instead Slug was induced (lane 2 in Fig. 5J). After 2 days
incubation (stage 40), tBR and Nbx coinjected animal caps
(85%; n  40) accumulated a significant number of mela-
nophores (Fig. 5K), in contrast to uninjected (0%; n  40)
or tBR injected (0%; n  40) caps. In only Nbx-injected
animal caps, these makers were not affected at stage 20 by
RT-PCR analysis (lane 6 in Fig. 5J) and melanophores were
not observed at stage 40 (data not shown).
Overexpression of VP-Nbx-GR with DEX addition from
Stage 13 caused neural plate expansion and suppressed
the neural crest
To clarify the endogenous role of Nbx, we attempted a
knock-down of Nbx function in vivo using morpholino
antisense oligonucleotides (sequence: ACATTCCCATG-
TAGCTCCAGATAGT). However, 8 nl of 0.2 mM Nbx
morpholino oligo injection caused abnormal gastrulation
cell movements. As we failed to rescue the phenotypes by
injecting wild-type Nbx mRNA, it seemed that these phe-
notypes were not gene-specific effects, but were similar to
the artificial effects of morpholino oligos that have been
reported previously (Heasman, 2002). Therefore, we tried
another experiment to inhibit endogenous Nbx functions.
Previous studies have shown that conversion of a transcrip-
tional repressor to an activator, or the converse, can gener-
ate a dominant negative form that antagonizes the endoge-
nous protein (Yamamoto et al., 2001). In fact, VP-Nbx
caused an opposite effect to native Nbx (Fig. 3).
Because early overexpression of VP-Nbx during the blas-
tula and gastrula stages induced the organizer genes in the
injected region, we were unable to elucidate the in vivo role
of Nbx during the neurula stage. Therefore, we attempted to
overexpress VP-Nbx later in embryogenesis in a temporally
controlled manner without affecting the organizer forma-
tion, through the conditional expression of VP-Nbx in a
hormone-inducible form, that is, as a fusion protein with the
glucocorticoid receptor (GR) (Kolm and Sive, 1995). The
function of endogenous Nbx at the neurula stage was exam-
Fig. 4. Nbx acts as a transcriptional suppressor. (A) Schematic represen-
tation of Nbx, VP-Nbx, and EnR-Nbx constructs. (B) Phenotypes of Nbx
(200 pg)-injected embryos. The Nbx injection into the dorsal side caused a
head defect. (C) Uninjected embryos developed normally. (D, E) Whole-
mount in situ hybridization analysis of Nbx (200 pg)- and -gal (100
pg)-injected embryos at stage 11. Nbx suppressed the organizer markers
Otx2 (D) and goosecoid (E). (F, G) Whole-mount in situ hybridization
analysis of -gal (100 pg)-injected embryos. -gal injection did not affect
the expression of Otx2 (F), goosecoid (G). (H) Phenotype of VP-Nbx (100
pg)-injected embryo. The VP-Nbx injection into the ventral side caused
ectopic cement gland formation (arrowhead in H). (I:) Uninjected embryos
developed normally. (J–M) Whole-mount in situ hybridization analysis of
VP-Nbx (100 pg)- and -gal (100 pg)-injected embryos. VP-Nbx injection
into the dorsal side led to the expanded expression of Otx2 (J) and
goosecoid (K). VP-Nbx injection into the ventral side resulted in the
ectopic expression of Otx2 (L) and goosecoid (M) at the injected region.
(N) Phenotype of EnR-Nbx (100 pg)-injected embryo. The injection caused
a head defect. (O:) Uninjected embryos developed normally.
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ined by fusing the VP16 activator domain and the GR
domain to the Nbx homeodomain (VP-Nbx-GR; Fig. 6A).
Injecting VP-Nbx-GR mRNA (100 pg) and -gal mRNA
(100 pg) into the dorsal side with the addition of DEX from
the eight-cell stage caused the expansion of organizer
marker expression; this was also seen in embryos injected
with VP-Nbx mRNA, and these effects were rescued by
coinjection of native Nbx (data not shown). Thus, it seems
that VP-Nbx and VP-Nbx-GR with early DEX addition had
similar functions. Importantly, the injection of VP-Nbx-GR
(100 pg) and -gal (100 pg) into the left side with DEX
addition from stage 13 reduced the expression of the neural
crest marker Slug and expanded the expression of neural
plate markers (Sox2 and Otx2) cell-autonomously in the
injected region (100%; n  20 each) (Fig. 6B, D, and F).
Epidermal keratin was also reduced on the injected side
(100%; n  10) (Fig. 6H). It is evident that these effects
required DEX addition, because the expression of the
marker genes was normal in the absence of DEX (Fig. 6C,
E, G, and I). Coinjection with Nbx (200 pg) rescued the
neural plate expansion by VP-Nbx-GR with DEX addition
from stage 13 (90%; n 20) (Fig. 6J). These results suggest
that Nbx contributes to neural crest differentiation at the
expense of neural fate and are consistent with the results of
wild type Nbx overexpression that lead to the repression of
neural fate.
Discussion
Regulation of Nbx expression
In this study, we isolated and characterized a novel
homeobox gene, Nbx, which was expressed at the neural–
nonneural border of the Xenopus neurula. Like other NK-1
class homeobox genes, Nbx has a conserved Eh1 repressor
domain at the N-terminal region and acts as a transcriptional
repressor as described. Comparing the expression pattern of
Nbx with the expression of several molecular markers, we
noted that Nbx expression partially but significantly over-
laps with neural crest markers. Nbx expression was also
found to be activated by neural and neural crest inducers.
Both the endogenous and ectopic Nbx expression was re-
stricted to the posterior part of the embryos, suggesting that
Nbx induction depends on endogenous posteriorizing sig-
nals (e.g., Wnts, FGFs). Known neural crest markers are
first induced in the cranial region and later expand into the
trunk region (Mayor et al., 1995; Sasai et al., 2001; Spokony
et al., 2002). In contrast, Nbx expression is induced through-
out the AP axis with the same timing, although the expres-
sion becomes faint in the anterior region in later stages.
Expression of Nbx is a typical “salt and pepper” pattern,
may be regurated by Notch signaling, but there are few
Delta1-expressing cells in the cranial neural crest region in
Xenopus (Fig. 2O). Therefore, it is possible that other Notch
Fig. 5. Overexpression of Nbx in lateral neural plate suppressed neural
plate makers and caused enhanced neural crest formation. (A) Schematic
representation in the Nbx construct. (B–I) Whole-mount in situ hybridiza-
tion analysis of Nbx-injected embryos. Each panel shows two embryos with
the same treatment. (B–D) Expression of neural plate makers. Overexpres-
sion of Nbx suppressed neural plate makers Otx2 (B), N-CAM (C), and
Sox2 (D). (E) Overexpression of Nbx expanded the expression of epidermal
keratin into the neural plate. (F–I) Expression of neural crest maker Slug.
Slug was reduced at stage 15 (F), but enhanced Slug expression was
observed at injected region at stage 20 (G, I) and stage 25 (H), (J) RT-PCR
analysis of gene expression in the animal caps at stage 20 equivalent that
were injected with 300 pg tBR mRNA (lane 1), coinjected with 300 pg tBR
and 100 pg Nbx mRNA (lane 2), uninjected (lane 3), and injected with 100
pg Nbx mRNA alone (lane 6). The expression of makers in sibling whole
embryo (lane 4). The control reactions with no reverse transcription step
(lanes 5 and 7). (K) Animal caps coinjected with 300 pg tBR and 100 pg
Nbx contained melanophores at stage 40 equivalent (Black spots in K).
(Blown pigments were not melanophores, they were pigment granules
derived from the egg.) (L) Uninjected animal caps at stage 40 equivalent.
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ligands (e.g., Serrate-1) regulate Nbx expression in this
anterior region.
Functions of Nbx in neural crest development
The overexpression of Nbx suppressed and of VP-Nbx
expanded the expression of organizer markers. However,
the level of the Nbx mRNAs during the organizer-forming
stages, as revealed by RT-PCR analysis, was rather low, and
we were unable to detect specific signals by whole-mount in
situ hybridization at these stages. Therefore, it is unlikely
that Nbx regulates organizer formation in vivo. Rather, we
propose that Nbx is an essential component of the system
that regulates neural crest formation, as represented sche-
matically in Fig. 7. The gain-of-function analysis showed
that Nbx suppressed neural plate makers. The inhibition of
neural induction by Nbx overexpression during neurogen-
esis caused expansion of epidermal maker into the neural
plate, and suppressed neural crest induction at early neurula.
In later stages, however, it enhanced Slug expression at the
injected region. The downregulation of neuralized level by
Nbx overexpression may be a part of a cause of the neural
crest induction as demonstrated in Fig. 5J. It may be pre-
sumed that overexpression of Nbx in the neural plate caused
ectopic neural–epidermal border providing a condition suit-
able for neural crest induction. Nbx is not likely to be a
direct neural crest inducer because Nbx could not induce
Slug expression alone in the animal caps. Interestingly,
coinjection of tBR and Nbx caused melanophore induction
efficiently in animal caps. It seems that Nbx promoted neu-
ral crest induction positively in this condition. Overexpres-
sion of a dominant-negative form of Nbx (VP-Nbx-GR)
expanded the neural plate markers and suppressed neural
crest marker. Many neural crest inducers are known to
induce neural plate markers as well (Nakata et al., 1997,
1998, 2000; Sasai et al., 2001). However, in Xenopus, the
neural crest is formed in a region that is distinct from the
neural plate. Therefore, we speculate that Nbx may be an
essential transcription factor to regulate neural–epidermal
border by inhibiting the neural plate fate, which is essential
for neural crest formation.
Fig. 6. Overexpression of VP-Nbx-GR with DEX addition from stage 13
suppressed neural crest induction and expanded neural plate markers.
(A) Schematic representation of the VP-Nbx-GR construct. (B–I) Whole-
mount in situ hybridization analysis of VP-Nbx-GR-injected embryos with
DEX addition from stage 13 (B, D, F, H) and without DEX addition (C, E,
G, I). Each panel shows two embryos with the same treatment. (B) Over-
expression of VP-Nbx-GR with DEX addition from stage 13 suppressed
induction of neural crest maker Slug. (C) The VP-Nbx-GR injection with-
out DEX addition did not affect Slug induction. (D, F, H) Overexpression
of VP- Nbx-GR with DEX addition from stage 13 expanded the expression
of the neural plate marker Sox2 (D) and the anterior neural plate marker
Otx2 (F) at the injected region and suppressed the epidermal marker
epidermal keratin (H). (E, G, I) The VP-Nbx-GR injection without DEX
addition did not affect Sox2 (E), Otx2 (G), or epidermal keratin (I). (J)
Coinjection of VP-Nbx-GR (100 pg) and Nbx (200 pg) and -gal (100 pg)
with DEX addition from stage 13. Nbx rescued Sox2 expansion by VP-
Nbx-GR.
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